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In this article, the feasibility of real-time digital processing of synthetic aperture radar
data for Venus Orbiting Imaging Radar low resolution modes is investigated. First, it is
shown that range migration is not a problem for these modes. Then, under the
assumption of no range migration, fast Fourier transform implementations for accom-
plishing both range and azimuth correlation in real-time are shown to be feasible with
current technology. Treatment of other important aspects of real-time processing such as
automatic focusing and Doppler centroid location is deferred to subsequent articles.

l. Introduction

An efficient synthetic aperture radar (SAR) processing
algorithm such as the one proposed in this article could
provide the basis for a real-time SAR correlator implementa-
tion in the Deep Space Network (DSN). A real-time SAR
correlator located in a DSN station would reduce the high-rate
SAR raw data, expected from the proposed Venus Orbiting
Imaging Radar (VOIR) mission of the mid 1980s, directly into
lower rate image data. This could introduce savings in both
time and costs by potentially eliminating the transport of high
density tapes of raw SAR data from DSN stations to JPL for
processing. Furthermore, it would provide a quick-look capa-
bility for verifying that SAR sensor and data communications
are operating as expected.

One problem in investigating the feasibility of real-time

SAR processing for the VOIR mission arises from changes in
mission requirements as different approaches are explored and
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funding baselines are altered. To avoid tracking these changes,
an interim set of requirements (Ref. 1) was chosen as a basis
for the feasibility study, with the realization that a final set
exhibiting large departures from this set could alter the
conclusions. The approach to the feasibility study was to
develop a conceptual design that could be implemented with
proven special purpose hardware. Furthermore, the initial
design discussed in this article was not required to accommo-
date SAR data with significant range migration. Subsequent
studies will address processing techniques for such data.

In Section 11, the extent of range migration is determined
for the various options in Ref. 1. Only the low-resolution
mode is essentially free of range migration. For this mode, a
design based on a fast Fourier transform (FFT) implementa-
tion is presented. In Sections III and IV, the feasibility of
real-time correlation in range and azimuth respectively is
demonstrated.




ll. Computation of Range Migration of
VOIR-SAR Processor

A set of VOIR system characteristics given in Ref. 1 is given
in Table 1. From Table 1, one observes that two sets of
parameters of low resolution and high resolution at incidence
angles 6 =25 and 6 =52 are given. To compute the range
migration for these two imaging modes, let
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It was shown (Ref. 2) that the azimuth length of the refer-
ence filter per look is

Y
Le= 247 (12)
where R is defined by
_ H
R = cos @ (1b)
Then the actual azimuth length of the reference filter is
AR
= =N 22 2
L=NL,=N AT @)

It was also shown (Refs. 3 and 4) that the range curvature and
the range walk of the reference filter are

AR =4 ©)

and

A
AR, =2 (f,N7,) (4a)
where 7 is given by
La
Ty =, - (4b)
and the range migration is given by
AR_ = AR +AR (5)
m [ w
The sampling frequency is defined by
f,=12B>3B
The pixel spacing of the final imagery is given by
c
Ax = 6
T7 ©

Note that if AR, < Ax, then range migration is not
important, Otherwise, range migration must be treated.

From the parameters given in Table 1 and the assumption
of 1 KHz as a representative doppler center frequency, one can
compute the range migration of the high-resolution and the
low-resolution imaging modes as follows:

Case 1: High-resolution imaging mode from Eq. (6),
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(a) For g =25°,

R = - 30 - 33113 km
AR, = ‘é‘ (SIL;)2 JBXOe?
331.13 X 10°
T, = fvi—.: Eg*(%“fﬁnﬁz 0.12 sec

9422—93(1000>< 8X0.12) = 121 m

]

A
AR, =5 (f;X87)

146+ 121 m=136m

]

AR, = ARC + ARw
Note that for this case,

AR, = 146m<Ax = 263m

AR = 136m>Ax = 263 m (7)

(b) Forf = 52°,

ARc = 21.5m, ARW = 180 m, and

AR = AR + AR = 215+180 = 2015 m
m 4 w

Note that

AR, =215m < Ax = 263 m

AR =2015m > Ax = 263m (8)

Cuase 2: Low-resolution imaging mode. From Eq. (6), one
obtains

Ax = 156m and A = 0,235m
(a) Forg = 25°,

AR

[

1

3.6m, ARW = 53.58 m, and

i

AR 57.18 m

m
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Note that

AR, =36m < Ax = 156m

A,Rm = 57.18m < Ax = 156 m )
(b) For§ = 52,
ARC = 2.8m, ARW = 81,78 m, and
ARm = 84.58 m
Note that
ARC =28m < Ax = 156 m
ARm = 8458 m < Ax = 156 m (10)

From the above results, it follows that the range curvature
of both high- and low-resolution imaging modes with 8 = 25°
and 0 =152° is less than the pixel spacing, and will be
neglected, From Egs. (9) and (10), the range migration is less
than the pixel spacing for the low-resolution imaging mode.
Thus, FFT techniques can be used to compute the real-time
VOIR-SAR range correlation and azimuth correlation. From
Egs. (7) and (8), the range migration is greater than the pixel
spacing for the high-resolution imaging mode.

lil. Implementation of the Range Correlator

In order to compute the range correlation (Fig. 1), one
needs to compute the number m of range points and the
number £ of the pulse width points, for the low-resolution
imaging mode. The number of range points is given by

m =7, 2 sino (11)

where [ is a sampling frequency, x is a swath width, c is the
speed of light. The number of pulse width or range filter
points is given by

2 = f X pulse length (12)

Note that the values of the parameters in Eqs. (11) and (12)
are given in Table 1,

For low-resolution imaging mode, we consider two cases:

Case 1: 6 =25°, from (11) and (12),

m = 108 points; ? = 26 points (13)




Case 2: 6 =52°, from (11) and (12),

m = 252; 2 = 26 points (14)
To use the FFT (Ref, 5) for implementing the range
correlator, let

a: input rate, samples/sec
R1, R2: m-point buffers, points
n: length of the FFT, points

T1: computation time to load m range data points
into a buffer, sec

T2: computation time of the range correlator using
the n-point FFT, sec

r: number of points of range after range correlation
(each point is 4 bits)

A detailed design of a range correlator for the low-
resolution imaging mode is given in Fig. 2. Its operation is
accomplished as follows:

First, load m points of range data into R1 buffer. The data
are then passed to the range correlator for processing while
buffer R2 is being filled. Once the processing is completed in
the range correlator, only = n - £+ 1 values become output,
The process is repeated for data from buffer R2. Note that if

T2< T1, then the FFT can be used to compute one-

dimensional range correlation. The time T'1 in Fig. 2 is given
by

T1 = mfasec (15)

In order to use two FFTs and the pipeline technique to
correlate the 2-point range filter with m-point input data, one
needs to choose n such that n = m, where » is a power of 2. If
the time for computing the n-point FFT is 7, , then T2 is given

by

T2 =, sec (16)

Case 1: For § = 25°, from Eq. (13), m = 108 and £ = 26.
Thus if one chooses n = 128 > 108, then the input rate for 8 =
25° is given by

108 X PRF

EnY
1

H

108 X 2180 22 236965 samples/sec

where PRF = 2180 Hz is given in Table 1.

From Eq. (15) it follows that

Tl X 108 = 4.56 X 107% sec an

1
"~ 236965

Since the JPL RFI Processor takes 6.4 us and 12.8 us to
compute a 128-point and 256-point FFT respectively, by

Eq. (17)
T2 = 6.4 usec (18)

From Egs. (17) and (18), one observes that 72 <T'1. Hence, a
128-point FFT can be used to compute the range correlation
for the real-time low-resolution image mode for = 25°,

Case 2 For 6 = 52°, using the same procedure as in Case 1,
one can show that n = 256 points, T1 = 4.6 X 107 sec and
T2 = 12.8 usec. Thus, 72 <T'1. Hence, a 256-point FFT can
be used to compute the range correlation for the real-time
VOIR-SAR low-resolution image mode for 6 = 52°.

IV. Implementation of the
Azimuth Correlator

In order to compute the azimuth correlation, one needs to
compute the number k, of points of the reference filter per
look, for the low-resolution imaging mode. The number of
points of the reference filter per look is given by

k, = 7, X PRF 19y

The total number of points of the reference filter for all looks
is given by

k = Nk (20)

From the parameters given in Table 1, one can compute ka
and k for the low-resolution imaging modes as follows:

Case 1: 8 =25°, From Egs. (1a) and (1b),

_ 300km _ 300 km

= w05 25° - 0006 - 331.13km

_ MR _ 0.235X331.13 X 10°
e 207 2X300

L 7 129.7m
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L
T, = Za o 1297 = (0.019 sec
v 6.6X%X10°

k, =1, XPRF=0019X 2180 =41.42 points  (21a)
k=NX k,=24X 41.42 =994 points (21b)

oo D0 O =587° fram Bae {1a) and (1h)

woC & v o e ,llUlH. J—l\-J_D. \-l(al} ailiv \.I.U}
k, = 0,029 X 2180 = 63 points (22a)
k = 24 X 63 = 1517 points (22b)

To use the FFT for implementing the azimuth correlator, let

M, (1 <i<3): memory to store the range lines for
azimuth processing; capacity of each M, for
i=1,2,3isk, X rcomplex data, ork X r
bytes.

A, (1<i<N): memory to store the output of azimuth
correlator; capacity of each 4, is (k /N) X

real data or (k_/N)(r/2) bytes.

T3: time required to store k, range lines into
M L orM, orM..

T4: total computation time of the azimuth
correlation of the 2k range lines and the
k, range filter of all looks.

The overlap-add FFT for computing multiple looks azimuth
correlator is suggested by Wu (Ref. 6). For more detail see
(Ref. 2). A detailed design of an azimuth correlator for the
low-resolution imaging mode is given in Fig. 2. Figure 2 shows
that a combination of the overlap-add FFT and pipeline
technique can be used to implement the azimuth correlator for
the real-time VOIR-SAR low-resolution imaging mode. To
illustrate the processing described in Fig. 2, consider three
looks for the reference filter, i.e., NV =3. The processing is
composed of the following steps.

Step 1: The 2k, range lines of complex data in M, and M
is passed to the azimuth correlator while the M, is being
stored with & range lines of complex data. In the azimuth
correlator, 2k range lines of input data are now convolved
with the first look of &, range lines of the reference filter. This
can be performed by using an n-point FFT, where n 2> 2k .
After performing the convolution of the third look, only ka/N
lines of real data (each line has r points) becomes output and is
added into A, in the overlap-add processor. The processing is
repeated for the second look of the reference filter while the
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ka/N image lines in 4, are being read out. When the azimuth
correlation is accomplished for the second look, the ka/N
output lines of real-data for the second look is added to 4, in
the overlap-add processor, while 4, is set to zero. Finally, the
processing is repeated for the first look reference filter. When
the processing is accomplished, the ka/N output lines of real
data for the first look is added into 4, in the overlap-add
processor. It should be emphasized that timing considerations
require all azimuth processing described in this step be

antnanlatnd hafaun tha I~
LUINPIwwLoU Ubiule uiw I\«a

T4<7T3.

vanagn linag a 1aadad in
1Uaucu il
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lallsU LUICS alv 11U [AV) 1V.l2’ LT,y

Step 2: When all k range lines are loaded into M, , the 2k
range lines of complex data in M, and M, are passed to the
azimuth correlator while A is being filled with the next k,
range lines. Using the same procedure as the azimuth corre-
lator in Step 1, the 2k of range lines are correlated with the
third, the second, and the first look sequentially. The k /N
lines output of the third look is added to 4,. Then the k /N
lines output of the second look is added to A, while the k /N
image lines in 4, are being read out. Finally, the ka/N line
output of the first look is added to 4, while 4, is set to zero.

Step 3: When all k, range lines are loaded into My, the 2k .
range lines of complex data in M, and M, are passed to the
azimuth correlator while M, is being filled with the next & .
range lines. Using the same procedure for azimuth correlation
as in Step 1, the 2k of range lines are correlated with all looks
of the reference filter sequentially. The &,/ lines output of
the third look is added to 4. Then the k,/N lines output of
the second laok is added to A, while the & /N image lines in
A, are read out. Finally, the ka/N lines output of the first
look is added to 4, , while 4, is set to zero. The processing is
repeated for Step 1.

From the above procedure, one observes that if 74 < T3,
then the FFT can be used to compute one-dimensional azi-
muth correlation for the real-time VOIR-SAR low-resolution
imaging mode. To show this, one needs to compute the 73 and
T4 as follows:

In order to use the FFT to correlate the &,-point azimuth
filter with 2%, input data, one needs to choose n such that n >
2k,, where n is 2 power of 2. To do this, we first take the
n-point transform of input data, then multiply the transform
of the input data by the transform of filter function. It can be
shown that the transforms of the filter function have approxi-
mately 8 nonzero values for ¢ = 25 and 6 = 52. Thus, the
number of points in the product of the transform of input
data and of the filter is 8. Since the k,/N-point output of the
correlation of the k -point filter and 2k, -point input data is
needed to add into 4,, where 1 <i <N, then each row of each
of the N looks requires 15 X k,/N complex additions and




16 X k,/N complex multiplications to accomplish the inverse
transformation and complete the correlation. It follows from a
current TRW multiplier specification sheet that the time
required to compute either a 16-bit addition or multiplication
should be between 100 X 10-2 and 200 X 10-? sec. If one
uses a parallel pipeline technique to compute the inverse
transform, then 74 is

T4 = r X7, + NXrX4X200X10™° (23)

The time required to store the &, range lines into M, or M, or
M, is
T3 =k, XTIl (24)

where 71 is the computation time required to load m range
data points into a buffer, as computed in Eq. (15).

Case 1: For § =25°, from Eq. (13)
r=n-9%+1=108~ 26 + 1 = 83 points
From Eq. (212) we know &k, = 41 = 48, Thus
M, =k, X r=48 X 83 = 3984 bytes for 1 <i<3.

Since N = 24, the k /N = 48/24 = 2 lines are output for each
look. Thus,

A, = k,/NX r[2 = 2 X (83/2) = 83 bytes for | <i<24
From Eq. (24), it follows that
T3 = 48X 456X 10™* = 218.88 X 107% sec

where T1 = 4.56 X 107% sec is given in Eq.(17). Since the
time for computing a 128-point is 6.4 psec, by Eq. (23)

83X 6.4X 107% +24 X 83 X 0.8 X 107°

1}

T4

21.25 X 107% sec

04

Case 2: For 8 = 52°, from Eq. (14),
r=n-2+1=252-26+1 = 227 points

From Eq. (22a)

Thus
M, =k Xr=72X 227 = 16344 bytes for 1 <i <3

Since N = 24, then k /N = 72/24 = 3 lines is output for each
look. Thus

4, = 3X 227/2=2340 bytes for 1 i< 24
From Eq. (24), it follows that
T3 = 72X 46X 1074 23312 X 107 sec

where T'1is 4.6 X 10™% for 6 = 52° in Section III.

From Eq. (23),

64X 1076 X 227+ 24 X 227 X 0.8 X 1076

it

74

R

58.11 X 1074 sec

In Case 1 and Case 2, one observes that 74 < T3. Hence a
128-point FFT can be used to compute the azimuth correlator
for the real-time VOIR-SAR low resolution image mode for
g =25°and 6 = 52°.
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Table 1. VOIR-SAR system characteristics

Altitude:

Frequency:

Antenna:

Minimum radar cross section:
Peak output power:

300 + 25 km

1275 MHz

2.7 X 7.0 m planar array

~30 dB at 0 dB SNR (over swath)
100 W

Spacecraft speed: 6.6 km/s
Low High
resolution resolution
Incident Incident
angle angle
25° 52° 25° 52°
Average power (W): 6 15
Bandwidth (MHz): 0.8 4.75
Pulse length (usec): 28 47.5
System ISLR (dB): ~13.6 -11.0
Quantization bits: 5 3
Maximum data rate (Mbps): 3.20 7.20
Number of looks: 24 8
Resolution (range & az):
Line pair (m): 600/600 1150/600  100/100 200/100
Radar (m): 300/300 575/300 50/50 100/50
Pixel (m): 180/180 345/180 30/30  60/30
Swath width (km): 50 40 12 12
Dynamic range (dB): 30 37 17 21
Noise eq. a,, (best) (dB): -37 -45 -32 -39
PRFs (Hz): 5 from 1923 5 from 2835

to 2180 to 3165
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Fig. 1. A block diagram of the FFT-SAR data processing
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Fig. 2, A flowchart of the range and the azimuth correlator for the real-time low-resolution SAR-VOIR
imaging mode by using an FFT method
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